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(57) ABSTRACT 

A system optimizes tWo or more stream processing pro 
grams based upon the data exchanged betWeen the stream 
processing programs. The system alternately processes each 
stream processing program to identify and remove dead 
program code, thereby improving execution performance. 
Dead program code is identi?ed by propagating constants 
received as inputs from other stream processing programs 
and by analyzing a ?rst stream processing program and 
determining the outputs of a second stream processing 
program that are unused by the ?rst stream processing 
program. The system may perform multiple iterations of this 
optimization is previous iterations introduce additional con 
stants used as inputs to a stream processing program. Fol 

loWing optimization of the stream processing programs, the 
optimized stream processing programs are compiled to a 
format adapted to be executed by a stream processing 
system. 
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OPTIMIZED CHAINING OF VERTEX AND 
FRAGMENT PROGRAMS 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to the ?eld of com 
puter graphics. Many computer graphic images are created 
by mathematically modeling the interaction of light With a 
three dimensional scene from a given vieWpoint. This pro 
cess, called rendering, generates a tWo-dimensional image of 
the scene from the given vieWpoint, and is analogous to 
taking a photograph of a real-World scene. 

[0002] As the demand for computer graphics, and in 
particular for real-time computer graphics, has increased, 
computer systems With graphics processing subsystems 
adapted to accelerate the rendering process have become 
Widespread. In these computer systems, the rendering pro 
cess is divided betWeen a computer’s general purpose cen 
tral processing unit (CPU) and the graphics processing 
subsystem. Typically, the CPU performs high level opera 
tions, such as determining the position, motion, and collision 
of objects in a given scene. From these high level operations, 
the CPU generates a set of rendering commands and data 
de?ning the desired rendered image or images. For example, 
rendering commands and data can de?ne scene geometry, 
lighting, shading, texturing, motion, and/or camera param 
eters for a scene. The graphics processing subsystem creates 
one or more rendered images from the set of rendering 
commands and data. 

[0003] Many graphics processing subsystems are highly 
programmable, enabling implementation of, among other 
things, complicated lighting and shading algorithms. In 
order to exploit this programmability, applications can 
include one or more graphics processing subsystem pro 
grams, Which are executed by the graphics processing sub 
system in parallel With a main program executed by the 
CPU. Although not con?ned to merely implementing shad 
ing and lighting algorithms, these graphics processing sub 
system programs are often referred to as shading programs 
or shaders. 

[0004] Graphics processing subsystems typically use a 
stream-processing model, in Which input elements are read 
and operated on by successively by a chain of stream 
processing units. The output of one stream processing unit is 
the input to the next stream processing unit in the chain. 
Typically, data ?oWs only one Way, “downstream,” through 
the chain of stream processing units. Examples of stream 
processing units include vertex processors, Which process 
tWo- or three-dimensional vertices, rasteriZer processors, 
Which process geometric primitives de?ned by sets of tWo 
or three-dimensional vertices into sets of pixels or sub 
pixels, referred to as fragments, and fragment processors, 
Which process fragments. Additional types of stream pro 
cessing units can be included in a chain. For example, a 
tessellation processor can receive descriptions of higher 
order surfaces and produce sets of geometric primitives 
de?ned by vertices and approximating or corresponding to 
the higher order surfaces. 

[0005] Some or all of the stream processing units in a 
chain may be programmable, With each programmable 
stream processing unit having its oWn separate shading 
program operating in parallel With shading programs execut 
ing on other stream processing units. Implementations of 
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complicated algorithms often depend on separate shading 
programs tailored to each stream processing unit Working 
together to achieve the desired result. In these implementa 
tions, outputs of shading programs for initial stream pro 
cessing units in a chain may be linked With the inputs of 
shading programs for subsequent stream processing units in 
the chain. Shading programs can be Written in a variety of 
loW-level and high-level programming languages, including 
loW-level assembly, the Cg language, the OpenGL shading 
language, and the DirectX High Level shading language. 

[0006] It is desirable to optimiZe shading programs to 
improve rendering performance and to alloW applications to 
fully exploit the capabilities of the graphics processing 
subsystem. When shading programs for different stream 
processing units are chained together, (Which may be 
referred to as linking in some graphics API nomenclatures,) 
there may be opportunities for optimiZation based upon the 
combination of the tWo or more shading programs, referred 
to as inter-shader optimiZations. 

[0007] For example, a ?rst shading program may output a 
value that is unused as an input by a second chained shading 
program in the graphics processing stream. In this example, 
the portions of the ?rst shading program used to compute the 
unused output may be safely omitted, thereby decreasing the 
execution time of the ?rst shading program. In another 
example, if the output of a ?rst shading program is constant, 
then the value of the constant can be propagated to the input 
of a second shading program chained to the ?rst shading 
program, decreasing the execution time of the ?rst shading 
program and potentially alloWing for additional optimiZa 
tions Within the second shading program. 

[0008] Additionally, application developers prefer to Write 
large, all-purpose shading programs for each stream pro 
cessing unit. Each all purpose shading program alloWs an 
application to select one or more operations from a set to be 
executed as needed by the stream processing unit. An 
application can implement a speci?c algorithm across sev 
eral stream processing units by selecting the appropriate 
operations from each stream processing unit’s shading pro 
gram. Using large, all-purpose shading program With select 
able operations for each stream processing unit, rather than 
a number of different small shading programs each imple 
menting a single operation, greatly simpli?es application 
development. Unfortunately, executing large, all-purpose 
shading programs is sloW due to a number of factors, 
including the time and bandWidth needed to transfer large 
shading programs to the graphics processing subsystem, 
even When only a small portion of the shading program is 
going to be executed. OptimiZing the chaining of shading 
programs can also simplify such large programs to the point 
that they ?t Within hardWare resource limits that the original 
programs might not satisfy if not optimiZed. 

[0009] Prior automatic optimiZation techniques only con 
sider each shading program in isolation. Existing optimiZa 
tion techniques for hardWare shading compilers do not 
analyZe the relationships betWeen chained shading programs 
assigned to different stream processing units to determine 
inter-shader optimiZations. Additionally, these prior optimi 
Zation do not take into account the one Way data How in a 
chain of stream processing units and therefore miss many 
other potential optimiZations. 
[0010] It is therefore desirable to optimiZe tWo or more 
shading programs chained together based upon the relation 
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ships between the chained shading programs. It is further 
desirable to optimize large, all-purpose shading programs to 
execute ef?ciently and Without transferring large amounts of 
data to the graphics processing subsystem unnecessarily. It 
is still further desirable to be able to perform inter-shader 
optimiZations at runtime, alloWing applications to dynami 
cally select combinations of shading programs Without com 
promising performance. 

BRIEF SUMMARY OF THE INVENTION 

[0011] An embodiment of the invention is a system for 
optimiZing tWo or more stream processing programs based 
upon the data exchanged betWeen the stream processing 
programs. The system alternately processes each stream 
processing program to identify and remove dead program 
code, thereby improving execution performance. Dead pro 
gram code is identi?ed by propagating constants received as 
inputs from other stream processing programs and by ana 
lyZing a ?rst stream processing program and determining the 
outputs of a second stream processing program that are 
unused by the ?rst stream processing program. The system 
may perform multiple iterations of this optimiZation as 
previous iterations introduce additional constants used as 
inputs to a stream processing program. FolloWing optimi 
Zation of the stream processing programs, the optimiZed 
stream processing programs are compiled to a format 
adapted to be executed by a stream processing system. 

[0012] An embodiment of the invention is a method for 
optimiZing stream processing programs adapted to be 
executed by a stream processing system. The stream pro 
cessing system includes a ?rst and a second programmable 
stream processing units. The second stream processing unit 
is connected With the ?rst stream processing unit such that 
the output of the ?rst stream processing unit is adapted to be 
the input of the second stream processing unit. 

[0013] The method includes receiving a ?rst stream pro 
cessing program adapted to be executed by a ?rst stream 
processing unit. The ?rst stream processing program 
includes an output parameter. The method also receives a 
second stream processing program adapted to be executed 
by a second stream processing unit. The second stream 
processing program includes an input parameter correspond 
ing to the output parameter of the ?rst stream processing 
program. The ?rst and second stream processing programs 
are optimiZed based upon the correspondence betWeen the 
input parameter of the second stream processing program 
and the output parameter of the ?rst stream processing 
program. 

[0014] In an embodiment, optimiZing the ?rst and second 
stream processing programs includes eliminating from the 
?rst stream processing program dead program code adapted 
to compute an additional output parameter that is not used by 
the second stream processing program. In another embodi 
ment, optimiZing the ?rst and second stream processing 
programs includes propagating a constant value for the input 
parameter of the second stream processing program in 
response to a determination that the output parameter of the 
?rst stream processing program is a constant and eliminating 
from the second stream processing program dead program 
code made redundant as a result of propagating a constant 
value. 

[0015] In a further embodiment, optimiZing the ?rst and 
second stream processing programs includes propagating a 
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uniform value for the input parameter of the second stream 
processing program in response to a determination that the 
output parameter of the ?rst stream processing program is a 
uniform value and eliminating from the second stream 
processing program dead program code made redundant as 
a result of propagating a uniform value. A uniform value is 
a term of art in shading languages referring to a constant that 
While not alloWed to change during the processing a stream 
of graphics primitives may change value betWeen batches of 
such streamed data. For the most part, a uniform value can 
be treated like a constant value for optimiZation purposes 
such as constant folding (reducing an expression With con 
stant terms to a simpler constant expression at compile 
time). HoWever, if the compiler makes an optimiZation 
decision based on knoWing the value of a uniform value 
(such as deciding the outcome of a branch), reoptimiZation 
is necessary if the neW uniform value Would change the 
earlier optimiZation decision. 

[0016] An embodiment of the stream processing system 
resides Within a graphics processing subsystem. In this 
embodiment, a programmable stream processing unit may 
be a programmable vertex processor, a programmable tes 
sellation processor, or a programmable fragment processor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The invention Will be described With reference to 
the draWings, in Which: 

[0018] FIG. 1 is a block diagram of a computer system 
suitable for practicing an embodiment of the invention; 

[0019] FIG. 2 illustrates an example chain of stream 
processing units of a graphics processing subsystem suitable 
for implementing an embodiment of the invention; 

[0020] FIG. 3 illustrates a method for optimiZing a pair of 
chained shading programs according to an embodiment of 
the invention; 

[0021] FIGS. 4A and 4B illustrate an example pair of 
chained shading programs in their unoptimiZed form; 

[0022] FIGS. 5A and 5B illustrate an example pair of 
chained shading programs after a ?rst iteration of an opti 
miZation method according to an embodiment of the inven 
tion; 
[0023] FIGS. 6A and 6B illustrate an example pair of 
chained shading programs after a second iteration of an 
optimiZation method according to an embodiment of the 
invention; and 

[0024] FIG. 7 illustrates a shading language architecture 
suitable for implementing an embodiment of the invention. 

In the draWings, the use of like reference numbers indicates 
identical components. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] FIG. 1 is a block diagram of a computer system 
100, such as a personal computer, video game console, 
personal digital assistant, or other digital device, suitable for 
practicing an embodiment of the invention. Computer sys 
tem 100 includes a central processing unit (CPU) 105 for 
running softWare applications and optionally an operating 
system. In an embodiment, CPU 105 is actually several 
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separate central processing units operating in parallel. 
Memory 110 stores applications and data for use by the CPU 
105. Storage 115 provides non-volatile storage for applica 
tions and data and may include ?xed disk drives, removable 
disk drives, ?ash memory devices, and CD-ROM, DVD 
ROM, or other optical storage devices. User input devices 
120 communicate user inputs from one or more users to the 

computer system 100 and may include keyboards, mice, 
joysticks, touch screens, and/or microphones. NetWork 
interface 125 alloWs computer system 100 to communicate 
With other computer systems via an electronic communica 
tions netWork, and may include Wired or Wireless commu 
nication over local area netWorks and Wide area netWorks 
such as the Internet. The components of computer system 
100, including CPU 105, memory 110, data storage 115, user 
input devices 120, and netWork interface 125, are connected 
via one or more data buses 160. Examples of data buses 
include ISA, PCI, AGP, PCI, PCI-X (also knoWn as 3GIO), 
and HyperTransport data buses. 

[0026] A graphics subsystem 130 is further connected With 
data bus 160 and the components of the computer system 
100. The graphics subsystem 130 includes a graphics pro 
cessing unit (GPU) 135 and graphics memory. Graphics 
memory includes a display memory 140 (e.g., a frame 
buffer) used for storing pixel data for each pixel of an output 
image. Pixel data can be provided to display memory 140 
directly from the CPU 105. Alternatively, CPU 105 provides 
the GPU 135 With data and/or commands de?ning the 
desired output images, from Which the GPU 135 generates 
the pixel data of one or more output images. The data and/or 
commands de?ning the desired output images is stored in 
additional memory 145. In an embodiment, the GPU 135 
generates pixel data for output images from rendering com 
mands and data de?ning the geometry, lighting, shading, 
texturing, motion, and/or camera parameters for a scene. 

[0027] In another embodiment, display memory 140 and/ 
or additional memory 145 are part of memory 110 and is 
shared With the CPU 105. Alternatively, display memory 
140 and/or additional memory 145 is one or more separate 
memories provided for the exclusive use of the graphics 
subsystem 130. The graphics subsystem 130 periodically 
outputs pixel data for an image from display memory 140 
and displayed on display device 150. Display device 150 is 
any device capable of displaying visual information in 
response to a signal from the computer system 100, includ 
ing CRT, LCD, plasma, and OLED displays. Computer 
system 100 can provide the display device 150 With an 
analog or digital signal. 

[0028] In a further embodiment, graphics processing sub 
system 130 includes one or more additional GPUs 155, 
similar to GPU 135. In an even further embodiment, graph 
ics processing subsystem 130 includes a graphics coproces 
sor 165. Graphics processing coprocessor 165 and additional 
GPUs 155 are adapted to operate in parallel With GPU 135. 
Additional GPUs 155 generate pixel data for output images 
from rendering commands, similar to GPU 135. Additional 
GPUs 155 can operate in conjunction With GPU 135 to 
simultaneously generate pixel data for different portions of 
an output image, or to simultaneously generate pixel data for 
different output images. In an embodiment, graphics copro 
cessor 165 performs rendering related tasks such as geom 
etry transformation, shader computations, and backface cull 
ing operations for GPU 135 and/or additional GPUs 155. 
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[0029] Additional GPUs 155 can be located on the same 
circuit board as GPU 135 and sharing a connection With 
GPU 135 to data bus 160, or can be located on additional 
circuit boards separately connected With data bus 160. 
Additional GPUs 155 can also be integrated into the same 
module or chip package as GPU 135. Additional GPUs 155 
can have their oWn display and additional memory, similar 
to display memory 140 and additional memory 145, or can 
share memories 140 and 145 With GPU 135. In an embodi 
ment, the graphics coprocessor 165 is integrated With the 
computer system chipset (not shoWn), such as With the 
Northbridge or Southbridge chip used to control the data bus 
160. 

[0030] FIG. 2 illustrates an example chain of stream 
processing units 200 of a graphics processing subsystem 
suitable for implementing an embodiment of the invention. 
Chain of stream processing units 200 uses a stream-process 
ing model, in Which input elements are successively read 
and operated on by the chain of stream processing units 200. 
Each stream processing unit of the chain 200 can operate on 
the outputs of previous stream processing units in the chain. 
As discussed in detail beloW, some or all of the stream 
processing units may be programmable. Programmable 
stream processing units read an input element, execute a 
program using the input element, and output the result to the 
next stream processing unit in the chain. Each stream 
processing unit can have its oWn separate program operating 
independently or in conjunction With another stream pro 
cessing unit program. 

[0031] Input stream 205 includes rendering commands 
and data used to de?ne the desired rendered image or 
images, including geometry, lighting, shading, texturing, 
motion, and/or camera parameters for a scene. The vertex 
processor 210 reads each rendering command and any 
associated data from the input stream 205. The rendering 
data may include one or more untransformed vertices. A 
vertex program, also referred to as a vertex shader, is 
executed by vertex processor 210 on each untransformed 
vertex to create a transformed vertex. The vertex processor 
210 is programmable and rendering applications can specify 
the vertex program to be used for any given set of vertices. 
In a simple embodiment, the vertex program transforms a 
vertex from a three-dimensional World coordinate system to 
a tWo-dimensional screen coordinate system. More compli 
cated vertex programs can be used to implement a variety of 
visual effects, including lighting and shading, procedural 
geometry, and animation operations. 

[0032] The transformed vertices are passed from the ver 
tex processor 210 to the rasteriZation stage 215. The raster 
iZation stage 215 assembles one or more vertices into a 
geometric primitive, such as a point, line, triangle, or 
quadrilateral. The rasteriZation stage 215 then converts each 
geometric primitive into one or more pixel fragments. A 
pixel fragment provides the state to update a set of one or 
more pixels to be potentially displayed in the rendered 
image that are “covered” by the pixel fragment. Each pixel 
fragment has associated input parameters, for example 
screen position, texture coordinates, color values, and nor 
mal vectors. 

[0033] The pixel fragments are then passed from the 
rasteriZation stage 215 to the fragment processor 220. The 
fragment processor 220 uses the information associated With 
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each pixel fragment to determine the output color value of 
each pixel to be potentially displayed. Like the vertex 
processor 210, the fragment processor is programmable. A 
pixel fragment program, also referred to as a pixel shader, is 
executed on each pixel fragment to determine an output 
color value for a pixel. Although the pixel fragment operates 
independently of the vertex program, the pixel fragment 
program may be dependent upon information created by or 
passed through previous stream processing units, including 
information created by a vertex program. Rendering appli 
cations can specify the pixel fragment program to be used 
for any given set of pixel fragments. Pixel fragment pro 
grams can be used to implement a variety of visual effects, 
including lighting and shading effects, re?ections, texture 
mapping and procedural texture generation. Additionally, 
both vertex and pixel fragment programs can be employed 
for non-visual purposes such as general purpose computa 
tion, image processing, and signal processing. 

[0034] The set of pixels are then output to the raster 
operations and storage stage 225. The raster operations stage 
225 integrates the set of pixels with the rendered image. 
Pixels can be blended or masked pixels with pixels previ 
ously written to the rendered image. Depth buffers, alpha 
buffers, and stencil buffers can also be used to determine the 
contribution of each incoming pixel, if any, to the rendered 
image. The combination of each incoming pixel and any 
previously stored pixel values is then output to the frame 
buffer as part of the rendered image. 

[0035] Although not shown in the example of FIG. 2, 
additional types of stream processing units can be included 
in the chain of stream processing units 200. For example, a 
tessellation processor can receive descriptions of higher 
order surfaces and produce sets of geometric primitives 
de?ned by vertices and approximating or corresponding to 
the higher order surfaces. The sets of geometric primitives 
and their associated vertices can then be processed down 
stream by stream processing units such as vertex processors, 
rasteriZers, and fragment processors, as discussed above. 

[0036] FIG. 3 illustrates a method 300 for optimiZing a 
pair of chained shading programs according to an embodi 
ment of the invention. At step 303, optimiZation of two 
chained shading programs begins. In an embodiment, an 
application communicates the two shading programs to a 
runtime module, which compiles each shading program into 
an intermediate data format in order to be optimiZed. In a 
further embodiment, each shading program can be expressed 
in a different programming language, and the runtime mod 
ule can employ a compiler suited to each shading program’s 
language to produce a version of the shading program in the 
required intermediate data format. In an alternate embodi 
ment, all or a portion of the runtime module is integrated 
with a device driver. 

[0037] For the method 300, an application can explicitly 
specify that the two shading programs are chained or 
“linked”, for example, by communicating with the runtime 
module via an API call. Alternatively, the runtime module 
can implicitly determine whether two shading programs are 
linked. For example, the runtime module can analyZe the 
shading programs to be executed by the various stream 
processing units of the graphics processing subsystem to 
determine if any outputs of a ?rst shading program are used 
as inputs to a second shading program. 
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[0038] Method 300 is divided into two phases, a down 
stream phase, 305, and an upstream phase 320. As discussed 
in detail below, method 300 iterates through the downstream 
phase 305 and the upstream phase 320 until all of inter 
shader optimiZations in both shading programs fully are 
found. Downstream phase 305 optimiZes a shading program 
to be executed “downstream” in a chain of stream process 
ing units from another, chained shading program. Con 
versely, the upstream phase 320 of method 300 optimiZes a 
shading program to be executed “upstream” in a chain of 
stream processing units from a “downstream” shading pro 
gram. For example, in the example chain of stream process 
ing units 200 illustrated in FIG. 2, a fragment shading 
program executed by the fragment processor 220 would be 
considered “downstream” from a vertex program executed 
by vertex processor 210. In this example, if the vertex and 
fragment shading programs are chained, then the down 
stream phase 305 of method 300 would optimiZe the frag 
ment shading program and the upstream phase 320 of 
method 300 would optimiZe the vertex shading program. 

[0039] The downstream phase 305 of method 300 begins 
with step 307, in which the entry function of the downstream 
shading program. The entry function of the downstream 
shading program is where the stream processing unit begins 
execution of the downstream shading program. The input 
and output parameters of the entry function are also identi 
?ed. 

[0040] At step 309, method 300 determines useful code 
based upon the downstream shading program outputs. In an 
embodiment, step 309 uses data How analysis to trace the 
program execution backwards from the outputs of the down 
stream shading program to the entry function of the down 
stream shading program. Portions of the downstream shad 
ing program involved in determining the downstream 
shading program outputs are designated as useful code. To 
ensure that optimiZation does not affect the output of the 
downstream shading program, the data How analysis must 
be conservative in designating useful code. If two or more 
alternate branches of execution may be used to determine 
the downstream shading program outputs, then all of these 
branches of execution must be designated as useful code. 
Data ?ow dependency analysis must also correctly account 
for looping constructs and procedure calls. 

[0041] At step 311, constant propagation is performed. 
Constant propagation identi?es any program parameters that 
are constants and propagates the values of these program 
parameters through the downstream shading program to 
precompute additional program parameter values or pre 
select branches of execution, if possible. For example, if a 
downstream shading program output is calculated from one 
or more program parameters, and step 311 determines that 
one or more of these program parameters has a constant 
value, then an intermediate or ?nal value of the downstream 
shading program output can be precomputed (sometimes 
called a derived constant or uniform). In another example, if 
one or more program parameters is used to select a branch 
of execution of the downstream shading program, and step 
311 determines that one or more of these program param 
eters has a known constant value, then the appropriate 
branch of execution may be pre-selected for execution. 

[0042] Step 313 of method 300 identi?es and eliminates 
dead code. Dead code is the portions of the downstream 
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shading program that are not involved in determining the 
downstream shading program outputs, i.e. portions of the 
doWnstream shading program not designated as useful code 
in step 309. Dead code also includes portions of doWnstream 
shading program made redundant by the constant propaga 
tion of step 311. This includes, for example, portions of the 
doWnstream shading program used to calculate a program 
parameters that have been replaced With a precomputed 
constant in step 311. Additionally, dead code may include, 
for example, alternate branches of execution of the doWn 
stream shading program not pre-selected for execution in 
step 311. Step 313 then removes the dead code from the 
doWnstream shading program, thereby improving the per 
formance and reducing the siZe of the doWnstream shading 
program. 

[0043] From the remaining portion of the doWnstream 
shading program, step 315 determines the inputs of the 
doWnstream shading program affecting the outputs of the 
doWnstream shading program. This set of doWnstream pro 
gram inputs is utiliZed later in step 325, discussed beloW. 

[0044] Steps 333, 335, and 337 are logically independent 
so can be performed in an arbitrary order or in parallel. 

[0045] At the conclusion of step 315 and an iteration of 
doWnstream phase 305, an iteration of upstream phase 320 
begins to optimiZe an upstream shading program With step 
323. Step 323 determines the entry function of the upstream 
shading program. The entry function of the upstream shad 
ing program is Where the stream processing unit begins 
execution of the upstream shading program. The input and 
output parameters of the entry function are also identi?ed. 

[0046] Step 325 of method 300 determines useful code 
based upon a subset of upstream shading program outputs. 
The subset of upstream shading program outputs is all or a 
portion of the upstream shading program outputs corre 
sponding to the set of doWnstream program inputs identi?ed 
in step 315. In an embodiment, step 325 uses data How 
analysis to trace the program execution backWards from the 
subset of upstream shading program outputs to the entry 
function of the upstream shading program. Portions of the 
upstream shading program involved in determining the 
subset upstream shading program outputs are designated as 
useful code. Portions of the upstream shading program 
unused in computing the subset of upstream shading pro 
gram outputs, including the portions of the upstream shading 
program used in computing other upstream shading program 
outputs that are not part of the subset of upstream shading 
program outputs, are not designated as useful code. To 
ensure that optimiZation does not affect the output of the 
upstream shading program, the data How analysis must be 
conservative in designating useful code. If tWo or more 
alternate branches of execution may be used to determine 
the subset of upstream shading program outputs, then all of 
these branches of execution must be designated as useful 
code. Data ?oW dependency analysis must also correctly 
account for looping constructs and procedure calls. 

[0047] At step 327, constant propagation is performed. 
Constant propagation identi?es any program parameters that 
are constants and propagates the values of these program 
parameters through the upstream shading program to pre 
compute additional program parameter values or pre-select 
branches of execution, if possible. As an example, constant 
propagation of step 327 can precompute an intermediate or 
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?nal value of an upstream shading program output if the 
upstream shading program output is calculated from one or 
more program parameters determined by step 327 to have a 
constant value. As another example, step 327 can preselect 
one of several alternate program branches for execution if 
step 327 determines that one or more program parameters 
used to select the appropriate branch of execution are 
constant. 

[0048] Step 329 of method 300 identi?es and eliminates 
dead code in the upstream program. Similar to that discussed 
above, dead code is the portions of the upstream shading 
program that are not involved in determining the subset of 
upstream shading program outputs. This includes the por 
tions of the upstream shading program not designated as 
useful code in step 325. Dead code also includes portions of 
upstream shading program made redundant by the constant 
propagation of step 327, such as portions of the upstream 
shading program used to calculate a program parameters that 
have been replaced With a precomputed constant and alter 
nate branches of execution of the upstream shading program 
not pre-selected for execution. Step 329 removes the dead 
code from the upstream shading program, thereby improv 
ing execution performance and reducing the siZe of the 
upstream shading program. 

[0049] Step 331 determines Whether further iterations of 
the doWnstream phase 305 and upstream phase 320 are 
needed to optimiZe the upstream and doWnstream shading 
programs. Step 331 determines Whether any of the subset of 
outputs of the upstream shading program are constants that 
have not previously been analyZed by step 311 as constant 
valued inputs of the doWnstream shading program. If any of 
the subset of outputs of the upstream shading program are 
constants not previously analyZed by step 311, then method 
300 continues With the step 317. 

[0050] Step 317 matches the constant-valued outputs of 
the subset of upstream program outputs identi?ed in step 
331 With the corresponding doWnstream shading program 
inputs. These doWnstream shading program inputs are then 
designated as constant-valued doWnstream shading program 
inputs. The doWnstream phase 305 of method 300 is then 
repeated, beginning With step 311. On the second and 
subsequent iterations of step 311, constant propagation is 
performed With the constant-valued doWnstream shading 
program inputs designated in step 317. Potentially, step 311 
Will result in additional portions of the doWnstream shading 
program becoming redundant, such as code for computing 
constant-valued doWnstream program outputs or intermedi 
ate values and for unused branches of execution. These 
additional redundant portions of the doWnstream shading 
program are then eliminated by step 315, thereby further 
improving execution performance and reducing program 
siZe of the doWnstream shading program. 

[0051] Potentially, the elimination of dead code from the 
doWnstream shading program reduces the number of doWn 
stream shading program outputs, Which in turn reduces the 
number of doWnstream shading program inputs used. A 
reduction in the number of doWnstream shading program 
inputs may make some of the corresponding upstream 
shading program outputs, and hence further portions of the 
upstream shading program itself, unnecessary, therefore 
alloWing for further optimiZations of the upstream shading 
program. 
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[0052] To this end, following an additional iteration of 
steps 311 and 313, step 315 determines the inputs of the 
downstream shading program affecting the outputs of the 
doWnstream shading program from the remaining portion of 
the doWnstream shading program. Following step 315, an 
additional iteration of the upstream phase 320 of method 300 
is performed, With the set of doWnstream program inputs 
identi?ed in step 315 utiliZed as the subset of upstream 
program outputs in step 325. The additional iteration of the 
upstream phase 320 of method 300 is performed to further 
optimiZe the upstream shading program. Steps 323, 325, 327 
and 328 are repeated using the set of doWnstream program 
inputs identi?ed in the most recent iteration of step 315. 
Potentially, this may result in the identi?cation and elimi 
nation of additional redundant code of the upstream shading 
program. As a result, the execution performance of the 
upstream shading program is further improved, While the 
siZe of the upstream shading program is further reduced. 

[0053] As discussed above, step 331 determines Whether 
further iterations of the doWnstream phase 305 and upstream 
phase 320 are needed to optimiZe the upstream and doWn 
stream shading programs. If any of the subset of outputs of 
the upstream shading program are constants not previously 
analyZed by step 311, then method 300 continues With the 
step 317 and an additional iteration of the doWnstream phase 
305 and the upstream phase 320. OtherWise, method 300 
proceeds to step 333. 

[0054] Step 333 converts the optimiZed doWnstream shad 
ing program from its intermediate data format into an 
executable format that is capable of being executed by a 
stream processing unit. In an embodiment, the executable 
format is in the form of assembly or machine language code 
tailored for the speci?c hardWare architecture of the stream 
processing unit. Step 333 may also perform additional 
optimiZations to the doWnstream shading program, for 
example loop unrolling. Unlike the optimiZations discussed 
above, these additional optimiZations are based upon the 
hardWare architecture of the stream processing unit, rather 
than the relationship betWeen the doWnstream and upstream 
shading programs. 

[0055] Similarly, step 335 converts the optimiZed 
upstream shading program from its intermediate data format 
into an executable format that is capable of being executed 
by a stream processing unit. In an embodiment, the execut 
able format is in the form of assembly or machine language 
code tailored for the speci?c hardWare architecture of the 
stream processing unit. Step 335 may also perform addi 
tional optimiZations to the doWnstream shading program, for 
example loop unrolling. Unlike the optimiZations discussed 
above, these additional optimiZations are based upon the 
hardWare architecture of the stream processing unit, rather 
than the relationship betWeen the doWnstream and upstream 
shading programs. 

[0056] Step 337 determines the upstream shading program 
inputs affecting the outputs of the optimiZed upstream 
shading program. If there are upstream shading program 
inputs that are unused in determining the outputs of the 
optimiZed upstream shading program, then step 337 elimi 
nates the code used to fetch these inputs from memory. This 
further optimiZation prevents Wasting memory bandWidth to 
fetch input values that are unused. Step 339 then forWards 
the optimiZed upstream and doWnstream shading programs 
to their respective stream processing units for execution. 
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[0057] In a further embodiment, method 300 can be 
extended to optimiZe any arbitrary number of chained shad 
ing programs in sequence. This embodiment selects a pair of 
tWo chained shading programs from a set of chained shading 
programs to be optimiZed. For the selected pair of chained 
shading programs, this embodiment performs steps 303 
through 331 as described above, potentially resulting in a 
simpli?ed pair of programs. This embodiment then selects 
another pair of chained shading programs from the set of 
chained shading programs to be optimiZed and repeats steps 
303 through 331 again for the neWly selected pair of chained 
shading programs. Steps 303 through 331 are further 
repeated for all possible combinations of pairs of chained 
shading programs until no further optimiZations are pos 
sible. At Which point, the hardWare code generation and 
input elimination in steps 333, 335, and 337 can be per 
formed for all the shading programs in the sequence. It 
should be noted that the pairs of chained shading programs 
in this embodiment are not necessarily mutually exclusive. 
For example, a single upstream shading program can be 
chained With tWo or more doWnstream shading programs or 

the doWnstream shading program in a ?rst pair of chained 
shading programs can be the upstream shading program in 
a second pair of chained shading programs. 

[0058] In still another embodiment, method 300 can opti 
miZe chained shading programs for uniform values. A uni 
form value is a term of art in shading languages referring to 
a value that remains constant during the processing a given 
stream of data, but that may change value betWeen batches 
of such streamed data. OptimiZing uniform values can be 
performed in a similar manner as that for constant values 

discussed above. For example, steps 311, 317, 327, and 331 
can be performed as described With uniform values in 
addition to constant values. HoWever, if dead code is iden 
ti?ed and eliminated as a result of uniform value propaga 
tion, then the chained shading program must be reoptimiZed 
When a change in the uniform value results in a different 
portion of the chained shading programs becoming dead 
code. 

[0059] The operation of method 300 is illustrated in FIGS. 
4-6, Which shoW the effect of method 300 on example 
upstream and doWnstream shading programs. Tables 1 and 2 
illustrate unoptimiZed source code for chained fragment and 
vertex shading programs Written in the OpenGL Shading 
Language but could also be Written in another language, 
respectively. The fragment shading program of Table 1 
de?nes a number of program variables, including ?ve uni 
form scalar variables, four varying scalar variables, and one 
varying vector variable. Similarly, the vertex shading pro 
gram of Table 2 de?nes three uniform scalar variables and 
three varying scalar variables. In this example, both the 
fragment and vertex shading programs include varying 
variables “varyingl,”“varying2,” and “varying3.” When 
these tWo shading programs are chained together, the values 
of these common variables determined in the upstream 
vertex shading program are carried over When executing the 
doWnstream fragment shading program. Comments folloW 
ing the uniform variables in Tables 1 and 2 indicate the 
values of these uniforms assumed during optimiZation. 
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TABLE 1 

Example Fragment Shading Program 

uniform ?oat uniform1; // = 5.0 
uniform ?oat uniform2; // = 20.0 
uniform ?oat uniform3; // = 30.0 
uniform ?oat uniform4; // = 6.0 
uniform ?oat uniform5; // = 7.0 
varying ?oat varying1; 
varying ?oat varying2; 
varying ?oat varying3; 
varying ?oat varying4; 
varying vec4 varying5; 
void main( ) 

?oat temp, temp2; 
if (uniform1 > 0.0) { 

if (varying1 < —9.1) { 
temp = varying2; 

} else { 
temp = uniform2 * uniform3 * varying3; 

} 
temp2 = temp + 0.5*uniform3; 

} else { 
temp2 = uniform4 * uniform5 * varying4; 

gliFragColor = temp2 * varying5; 

[0060] 

TABLE 2 

Example Vertex Shading Program 

uniform ?oat uniform6; // = 3.0 
uniform ?oat uniform7; // = 4.0 
uniform ?oat uniforms; // = 2.0 
attribute ?oat attrib1; 
attribute ?oat attrib2; 
attribute vec4 attrib3; 
varying ?oat varying1; 
varying ?oat varying2; 
varying ?oat varying3; 
varying ?oat varying4; 
varying vec4 varying5; 
void main( ) 

varying1 = uniform6 + uniform7; 
varying2 = uniform8; 
varying3 = attrib1; 
varying4 = uniform6 * attrib2; 

varying5 = attrib3; 
gliPosition = gliModelVieWProjectionMatrix * gliVertex; 

[0061] FIGS. 4A, 4B, 5A, 5B, 6A, and 6B use a data ?oW 

Jan. 5, 2006 

tional branch statements 425 and 427 based on both uniform 
and varying variables, and expressions derived entirely from 
uniform variables, such as expressions 430, 432, and 434. 

[0063] Similar to FIG. 4A, FIG. 4B illustrates a data ?oW 
diagram 450 of the example vertex shading program of 
Table 2. Data ?oW diagram 450 shoWs the output variables 
455, 457, 459, 461, 463, and 465 of the example vertex 
shading program and their relationship With input variables. 
As discussed above, When the example shading programs of 
Tables 1 and 2 are chained together, the output variables 
“varying1,”455, “varying2,”457, and “varying3,”459, and 
“varying4,”461 correspond With the fragment shading pro 
gram input variables “varying1,”415, “varying2,”417, and 
“varying3,”419, and “varying4,”420 omitted for clarity, in 
FIG. 4A. It should be noted that in this example, some of the 
output variables of the vertex shading program are unused 
by the chained fragment shading program, for example 
“varying5,”463; however, these output variables may be 
used by other downstream shading programs chained With 
the example vertex shading program. Additionally, data ?oW 
diagram 450 shoWs input attributes 470, 472, and 474. 
Unlike other variables, attributes are parameters associated 
With each data item, such as a vertex, processed by the 
shading program. 

[0064] After processing the example chained shading pro 
grams through a ?rst iteration of steps 305 through steps 
331, the complexity of the example shading programs is 
substantially reduced. Tables 3 and 4 illustrate the source 
code of the example pair of chained shading programs after 
a ?rst iteration of steps 307 through 331. FIGS. 5A and 5B 
illustrate these example chained shading programs in a data 
?oW format. 

TABLE 3 

Example Fragment Shading Program After First Optimization Iteration 

varying ?oat varying1; 
varying ?oat varying2; 
varying ?oat varying3; 
varying vec4 varying5; 
uniform ?oat derivedUniform1; // = uniform2 * uniform3 = 60.0 

uniform ?oat derivedUniform2; // = 0.5 * uniform3 = 15.0 

void main( ) 
{ 

?oat temp, temp2; 
if(varying1 < —9.1) { 

temp = varying2; 
} else { 

temp = derivedUniform1 * varying3; 

temp2 = temp + derivedUniform2; 
gliFragColor = temp2 * varying5; 

format to illustrate the optimization of an example pair of 
chained shading programs. The data ?oW format shoWs the 
association betWeen shading program outputs and the input 
variables and operations used to compute these outputs. 
FIGS. 4A and 4B illustrate an example pair of chained 
shading programs of Tables 1 and 2 in their unoptimized 
form. 

[0062] FIG. 4A illustrates a data ?oW diagram 400 of a 
portion of the example fragment shading program of Table 
1. Data ?oW diagram 400 shoWs output variable 405 being 
formed from the combination of uniform variables 407, 409, 
411, 413, 431, and 433 and varying variables 415, 417, 419, 
420, and 421. Data ?oW diagram 400 also includes condi 

[0065] 

TABLE 4 

Example Vertex Shading Program After First Optimization Iteration 

uniform ?oat uniform8; // = 2.0 
attribute ?oat attrib1; 
attribute vec4 attrib3; 
uniform ?oat derivedUniform3; // = uniform7 + uniform8 = 6.0 
varying ?oat varying1; 
varying ?oat varying2; 
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TABLE 4-continued 

Example Vertex Shading Program After First Optimization Iteration 

varying ?oat varying3; 
varying vec4 varying5; 
void main( ) 

varying1 = derivedUniform3; 
varying2 = uniform8; 
varying3 = attrib1; 
varying5 = attrib3; 
gliPosition = gliModelViewProjectionMatrix * gliVertex; 

[0066] FIG. 5A illustrates data How diagram 500, which 
corresponds to the optimized fragment shading program of 
Table 3. Comparing the data How diagrams 400 and 500, it 
can be seen that after a ?rst iteration of steps 307 through 
331, the conditional branch 425 statement has been elimi 
nated, due to its dependence on the value of uniform variable 
407, which is constant for a batch of data. Additionally, 
uniform variables 411 and 413 can be replaced by derived 
uniform variable 505, which is equal to 432. In this example, 
the expression 434 including the uniform variable 409 is 
replaced by derived uniform value 507, which is equal to the 
value of expression 434. The use of the derived uniforms 
505 and 507 saves the graphics processing subsystem from 
repeated redundant calculations of the value of expression 
432 and 434. If the uniform variables 407, 409, 411, or 413 
change value for another batch of data, then this example 
shading program must be re-optimized. 

[0067] FIG. 5B illustrates data How diagram 550, which 
corresponds to the optimized vertex shading program of 
Table 4. Comparing the data How diagrams 450 and 550, it 
can be seen that after a ?rst iteration of steps 307 through 
331, output 461 is eliminated, as the example chained 
fragment shading program does not use this output. As a 
result, all of operations used to compute output 461 can be 
discarded. Moreover, as attribute 472 was only used to 
compute output 461, attribute 472 is also discarded; thus, 
attribute 472 will not even be fetched by the graphics 
processing subsystem during program execution, saving 
memory bandwidth. Additionally, uniform variables 480 and 
482 in the unoptimized shading program are replaced by the 
derived uniform variable 555, which is equal to the value of 
the expression 485 in data How diagram 450. 

[0068] Comparing the optimized shading programs of 
FIGS. 5A and 5B with their unoptimized versions in FIGS. 
4A and 4B, it can be seen that the ?rst iteration of steps 307 
to 331 greatly simplify the chained shading programs. As 
discussed above, step 331 determines whether any of the 
outputs of the upstream shading program are constants or 
uniform values that have not been previously considered. In 
this example, the ?rst optimization iteration of the vertex 
shading program of FIG. 5B determines that outputs 455 
and 457 are both uniform values, which are constant for a 
given batch of data. Varying output variable “varying1,”455 
is equal to the derived uniform value 555. Similarly, output 
variable “varying2,”457 is equal to uniform value 560. Thus, 
steps 307 through 331 can be repeated to further optimize 
the chained pair of shading programs, using fragment shad 
ing program inputs 415 and 417, which correspond with 
vertex shading program outputs 455 and 457, as constants. 
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[0069] Tables 5 and 6 illustrates the source code of the 
example pair of chained shading programs after a second 
iteration of steps 307 through 331. Similarly, FIGS. 6A and 
6B illustrate this example pair of chained shading programs 
after the second iteration of optimization in a data How 
format. 

TABLE 5 

Example Fragment Shading Program After Second Optimization Iteration 

uniform ?oat derivedUniform1; // = uniform2 * uniform3 = 60.0 

uniform ?oat derivedUniformZ; // = 0.5 * uniform3 = 15.0 

varying ?oat varying3; 
varying vec4 varying5; 
void main( ) 

?oat temp, temp2; 
temp = derivedUniform1 * varying3; 

temp2 = temp + derivedUniformZ; 
gliFragColor = temp2 * varying5; 

[0070] 

TABLE 6 

Example Vertex Shading Program After Second Optimization Iteration 

attribute ?oat attrib1; 
attribute vec4 attrib3; 
varying ?oat varying3; 
varying vec4 varying5; 
void main( ) 

varying3 = attrib1; 
varying5 = attrib3; 
gliPosition = gliModelViewProjectionMatrix * gliVertex; 

[0071] The data How diagram 600 of FIG. 6A is the 
optimized version of the fragment shading program shown 
in diagram 400 of FIG. 4A. Comparing these two diagrams, 
it can be seen that conditional branch 427 has now been 
eliminated. This is a result of evaluating the conditional 
branch 427 with the varying input variables 415 and 417 
treated as constants, which was determined in the previous 
iteration of optimization of the example vertex shading 
program. Additionally, all of the original uniform values in 
the fragment shading program have been replaced with 
derived uniform values, thereby eliminating redundant cal 
culations. 

[0072] The data How diagram 650 of FIG. 6B shows the 
result of a second optimization iteration. Comparing this 
diagram with corresponding unoptimized diagram 450, it 
can be seen that varying output variables 455 and 457 have 
been eliminated. As both of these output variables output 
uniform values to the chained downstream shading program, 
these values can be eliminated in the upstream vertex 
shading program and replaced by constants in the chained 
downstream shading program. 

[0073] In this example, following the second iteration of 
steps 307 through 331, there are no new constant or uniform 
outputs located in the upstream shading program. Therefore, 
after step 331, method 300 continues to step 333 for further 
optimizations and code generation. Further optimizations 
can include substituting a single efficient instruction in place 
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of several instructions. For example, a multiply instruction 
followed by an add instruction can be replaced With a single 
multiply and accumulate instruction. Additional optimiZa 
tions may be performed to take advantage of the pipelined 
hardWare of the graphics processing subsystem. For 
example, instructions can be interleaved for better schedul 
ing. Tables 7 and 8 illustrate the example pair of chained 
shading programs folloWing step 339. 

TABLE 7 

Example Fragment Shading Program After Additional Optimizations 

[0074] 

TABLE 8 

Example Vertex Shading Program After Additional Optimizations 

[0075] The fragment shading program of Table 7 corre 
sponds With the unoptimiZed example fragment shading 
program of Table 1. Comparing the program code in these 
tWo tables, it can be seen that method 300 reduces the 
fragment shading program from a doZen or so of lines of 
high level shading language code to only tWo assembly 
language instructions. Similarly, the example vertex shading 
program in Table 2 is optimiZed from approximately ten 
instructions in its original form to only six instructions in 
Table 8. 

[0076] FIG. 7 illustrates a shading language architecture 
700 suitable for implementing an embodiment of the inven 
tion. Shading language architecture includes an application 
705. In an embodiment, the application 705 is adapted to 
command the graphics processing subsystem 740 to render 
one or more three-dimensional objects. Application 705 
loads object data 710 that de?nes the objects to be rendered, 
including data for geometry, lighting, and texturing. Appli 
cation 705 also loads source code fro the upstream 715 and 
doWnstream 720 shading programs. In an embodiment, the 
upstream 715 and doWnstream 720 shading programs can be 
vertex and fragment shading programs, respectively. 

[0077] To render objects using the upstream 715 and 
doWnstream 720 shading programs, the application 705 
sends the shading programs to the API driver 725. Addi 
tionally, application 705 sends commands to the API driver 
725 directing the API driver to chain the upstream 715 and 
doWnstream 720 shading programs together, and to compile 
and optimiZe the chained shading programs. The stream 
processing language compiler 730, Which in an embodiment 
is a part of the API driver 725, performs the compilation and 
optimiZation of shading programs. In an alternate embodi 
ment, the stream processing language compiler 730 is an 
external module or library dynamically linked With the API 
driver 725 or the application 705. 
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[0078] The application 705 then sends the object data 710 
to the API driver 725 along With commands indicating that 
the object data 710 should be rendered. As a result, the API 
driver 725 sends the object data 710, and compiled and 
optimiZed versions of the chained shading programs 715 and 
720 to the graphics processing subsystem 740. The graphics 
processing subsystem 740 executes the chained shading 
programs to process the object data 710 and render the 
objects. 
[0079] This invention provides a system for optimiZing 
stream processing programs based on the relationships 
betWeen the stream processing programs. Although this 
invention has been discussed With reference to stream pro 
cessing systems used in computer graphics applications, the 
invention is applicable to any stream processing system 
having tWo or more programmable stream processing units, 
including audio applications and communications applica 
tions. The invention has been discussed With respect to 
speci?c examples and embodiments thereof; hoWever, these 
are merely illustrative, and not restrictive, of the invention. 
Thus, the scope of the invention is to be determined solely 
by the claims. 

1. A method for optimiZing stream processing programs 
adapted to be executed by a stream processing system, 
Wherein the stream processing system includes a ?rst and a 
second programmable stream processing units, Wherein the 
second stream processing unit is connected With the ?rst 
stream processing unit such that the output of the ?rst stream 
processing unit is adapted to be the input of the second 
stream processing unit, the method comprising: 

receiving a ?rst stream processing program adapted to be 
executed by a ?rst stream processing unit, Wherein the 
?rst stream processing program includes an output 
parameter; 

receiving a second stream processing program adapted to 
be executed by a second stream processing unit, 
Wherein the second stream processing program 
includes an input parameter corresponding to the output 
parameter of the ?rst stream processing program; and 

optimiZing the ?rst and second stream processing pro 
grams based upon the correspondence betWeen the 
input parameter of the second stream processing pro 
gram and the output parameter of the ?rst stream 
processing program. 

2. The method of claim 1, Wherein optimiZing the ?rst and 
second stream processing programs includes eliminating 
from the ?rst stream processing program dead program code 
adapted to compute an additional output parameter that is 
not used by the second stream processing program. 

3. The method of claim 1, Wherein optimiZing the ?rst and 
second stream processing programs includes: 

propagating a constant value for the input parameter of 
the second stream processing program in response to a 
determination that the output parameter of the ?rst 
stream processing program is a constant; and 

eliminating from the second stream processing program 
dead program code made redundant as a result of 
propagating a constant value. 

4. The method of claim 1, Wherein optimiZing the ?rst and 
second stream processing programs includes: 






